In plants and microorganisms, salt stress regulates the expression of large numbers of genes. However, the machinery that senses salt stress remains to be characterized. In this study we identified sensory histidine kinases that are involved in the perception of salt stress in the cyanobacterium Synechocystis sp. strain PCC 6803. A library of strains with mutations in all 43 histidine kinases was screened by DNA microarray analysis of genomewide gene expression under salt stress. The results suggested that four histidine kinases, namely, Hik16, Hik33, Hik34, and Hik41, perceived and transduced salt signals. However, Hik33, Hik34, and Hik16 acting with Hik41 regulated the expression of different sets of genes. These histidine kinases regulated the expression of Ϸ20% of the salt-inducible genes, whereas the induction of the remaining salt-inducible genes was unaffected by mutations in any of the histidine kinases, suggesting that additional sensory mechanisms might operate in the perception of salt stress. We also used DNA microarrays to investigate the effect of various salts on gene expression. Our results indicate that Hik33 responds to sodium salts and not to KCl, whereas the Hik16͞Hik41 system responds only to NaCl.
T he response to salt stress has been investigated in detail in model microorganisms, such as Escherichia coli and Bacillus subtilis, and in the photoautotrophic cyanobacterium Synechocystis sp. strain PCC 6803 (henceforth referred to as Synechocystis), whose entire genome sequence is known (1) . Synechocystis is able to acclimate to concentrations of NaCl as high as 1.2 M by synthesis de novo or uptake of the compatible solute glucosylglycerol (2, 3) , with the additional involvement of ion exchangers, such as Na ϩ ͞H ϩ antiporters (4) . Recently, all of the salt-and osmoregulated genes in Synechocystis were identified by using the DNA microarray technique (5) . Homologs of saltinduced genes in Synechocystis are also regulated by salt stress in higher plants, an observation that suggests that this cyanobacterium might serve as a good model system for investigations of the responses of plants to salt stress (6) .
The molecular mechanisms involved in the regulation of the salt-induced expression of genes are unknown for the most part. In heterotrophic bacteria, such as E. coli and B. subtilis, expression of a number of salt-inducible genes is regulated by activities of the sigma factors RpoS and SigB, respectively (7, 8) , whereas, in the phototrophic microorganism Synechocystis, SigF seems to be involved in such regulation (9) . However, none of these sigma factors perceives salt signals directly, and the salt sensor(s) that are located upstream of these sigma factors in the salt signaltransducing pathway remain to be characterized.
Histidine kinases (Hiks) are involved in the transduction of environmental signals in prokaryotes, as well as in plants, fungi, and protozoa. Hiks can act as sensory molecules via a sensory domain, and a histidine residue in the Hik domain is phosphorylated in response to changes in environmental conditions. The phosphoryl group is then transferred to a response regulator, and the resultant activation of the response regulator controls the expression of a large number of genes (10) . Pathways for transduction of osmotic or ionic signals consist of simply organized systems, such as EnvZ-OmpR and KdpD-KdpE in E. coli, with a single transfer of a phosphoryl moiety (11, 12) , or of more complex systems, with the four transfers of a phosphoryl moiety, as in the Sln1p-Ssk1p transduction system in yeast (13) .
The Synechocystis genome encodes 43 Hiks (designated Hik1 through Hik43; www.kazusa.or.jp͞cyano͞Synechocystis͞ mutants), which were systematically inactivated in an attempt to study their roles in the perception of environmental signals. This approach allowed us to identify sensors involved in the perception of cold and osmotic stress (14, 15) , and we demonstrated that Hiks act as sensors of the availability of ions as nutrients or as toxic agents in Synechocystis. The induction of alkaline phosphatase after phosphate starvation is regulated by the PhoR-PhoB two-component system (16) and the ManS-ManR system regulates the high-affinity manganese-uptake system in Synechocystis (17, 18) . Nickel ions are toxic at high concentrations, and nickel detoxification by a heavy-metal export system is regulated by the NrsS-NrsR system (19) .
In the present study, we attempted to identify Hiks that are involved in the perception and transduction of salt-stress signals by screening a gene-knockout library of 43 ⌬Hik mutants for changes in salt-regulated gene expression. We identified four Hiks that appeared to be involved in the perception or transduction of salt-stress signals. Two of them clearly acted together and sensed signals generated by salt stress caused by NaCl specifically.
Materials and Methods
Strains and Culture Conditions. Synechocystis sp. PCC 6803, a glucose-tolerant strain, was kindly provided by J. G. K. Williams (Du Pont de Nemours, Wilmington, DE) and served as the wild type. The Hik gene-knockout library was produced as described (ref. 14; www.kazusa.or.jp͞cyano͞Synechocystis͞mutants), and the same code numbers are used in this report. In experiments involving salt shock with 684 mM NaCl, ⌬Hik cells (cells in which the gene for a specific Hik had been inactivated by insertion of a spectinomycin-resistance cassette) were grown in batch cultures at 30°C with aeration with CO 2 -enriched air (5% vol͞vol) under continuous illumination at 170 mol of photons m Ϫ2 ⅐s
Ϫ1
in Allen and Arnon medium, which contains 20 mM Na ϩ and 4 mM K ϩ ions, as described (9) . In experiments with various salts, cells were grown in batch cultures at 34°C in BG-11 medium with aeration with CO 2 -enriched air (1% vol͞vol) under continuous illumination at 70 mol of photons m Ϫ2 ⅐s Ϫ1 (20) . We chose concentrations of each tested salt that decreased the growth rate by 50%, namely, 0.5 M NaCl͞0.25 M Na 2 SO 4 ͞0.375 M NaNO 3 ͞ 0.3 M KCl. Growth and cell density were monitored in terms of absorption at 750 nm (A 750 ) with a double-beam spectrophotometer (UV2000; Hitachi, Tokyo).
DNA Microarray Analysis. Cells were harvested from 10 ml of culture by centrifugation at 4,000 ϫ g for 5 min at 2°C and then were immediately frozen in liquid nitrogen and stored at Ϫ80°C. RNA was extracted with hot phenol and chloroform and purified with a High Pure RNA Isolation Kit (Roche Diagnostics). A Synechocystis DNA microarray (CyanoCHIP) was obtained from TaKaRa (Kyoto). This microarray covered 3,079 of the 3,168 ORFs of Synechocystis (1), excluding ORFs for transposases. Conditions for synthesis of Cy3-labeled and Cy5-labeled cDNAs, hybridization, and washing were the same as those described (15) . Hybridization of cDNAs was evaluated with an array scanner (GMS418; Affymetrix, Santa Clara, CA).
For quantification with the IMAGENE 4.0 program (BioDiscovery, Marina del Rey, CA), the local background of each spot was subtracted, and the signal was normalized by transforming it to the ratio of the spot-specific intensity relative to the total intensity of signals from all genes, with the exception of genes for rRNAs. Therefore, changes in the level of the transcript of each gene could be calculated, relative to the total level of mRNAs. Each gene was included twice on the microarray, allowing for adequate evaluation of signals and exclusion of errors. Changes in patterns of expression were identified by comparison of all signals for a given gene from 44 experiments (43 mutants and the wild type) in the first screening and nine experiments (eight mutants and the wild type) in the second screening, performed 2 h and 0.5 h, respectively, after the addition of salt. A gene was regarded as salt-inducible when the induction factor for this gene was Ͼ2.0 (5). To distinguish salt stress-induced changes in gene expression from variations caused by experimental deviations, the level of expression of each gene was calculated from all nine DNA microarray experiments (in the second screening). We assumed that induction of a gene was controlled by a Hik when its induction factor in the corresponding mutant was Ͻ50% of the robust average value.
Southern and Northern Blotting Analysis. Total DNA was extracted from wild-type and ⌬Hik mutant cells after lysozyme treatment and purified as described elsewhere (3) . Approximately 2 g of DNA were cleaved by incubation for 16 h with 10 units of restriction enzyme, such as BlpI, HincII, and NcoI. Resultant fragments of DNA were separated on a 0.8% agarose gel and transferred to a nylon membrane (Hybond N; Amersham Pharmacia) by semidry blotting. DNA fragments, for use as probes for Southern blotting and consisting of the coding sequences of hik genes, were amplified by PCR, purified by gel electrophoresis with a QIAEX II gel extraction kit (Qiagen, Hilden, Germany), and labeled randomly with a HexaLabel DNA labeling kit (MBI Fermentas, St. Leon-Rot, Germany) and [␣-32 P]dATP. Cleaved DNA on filters was hybridized with individual labeled probes for 10 h at 52°C in 50 mM sodium phosphate buffer (pH 7.0) that contained 7% SDS, 0.1% N-laurylsarcosine, 50% formamide, 5ϫ SSC, and 2% blocking reagent (Roche Diagnostics). After two washes in 2ϫ SSC and 0.1% SDS at room temperature and one wash in 0.1ϫ SSC plus 0.1% SDS at 68°C, hybridization was evaluated with a phosphoimager (BAS 1000; Fuji, Tokyo).
RNA was extracted as noted above, and labeling of probes and hybridization were performed as described (21) . Gene-specific DNA probes for Northern blotting were obtained by amplification, by PCR, of sequences that encoded the slr1544, slr0967, or sll1514 genes. Forward and reverse primers for slr1544 were AAC TAC CAA AGG ACT GCC and ACG GCT GAA GAA GTA ACC; those for slr0967 were GCT GGA AAC CAA TGC CTG and CCA ATA CCA ATG CCC GTG; those for sll1514 were CAG CAG CAG ATG AAC CAA and AGG ATA CCG GCA TCG TAA; and those for 16S rDNA were AGA GTT TGA TC(A͞C) TGG CTC AG and AAG GAG GTG (A͞T)TC CA(A͞G) CC (22) .
Results and Discussion
Screening of Hik Mutants by DNA Microarray Analysis. We used DNA microarrays to investigate the impact of mutations in Hiks on changes in gene expression on salt stress. In the first series of experiments, we isolated RNA from wild-type cells and from all 43 of the ⌬Hik mutants, harvesting cells before or 2 h after addition to the growth medium of 684 mM NaCl, which corresponded to a final concentration of 4% NaCl (wt͞vol). This comprehensive screening revealed that the inducibility of gene expression by NaCl was significantly affected in ⌬Hik16 (slr1805), ⌬Hik33 (sll0698), ⌬Hik34 (slr1285), and ⌬Hik41 (sll1229) mutant cells. In each of these mutants, several genes were no longer induced by salt or their inducibility by salt was markedly reduced. The results of the first screening were confirmed by a second screening, in which promising candidates, namely, ⌬Hik16, ⌬Hik33, ⌬Hik34, and ⌬Hik41, as well as four other mutants, were reexamined for the salt inducibility of gene expression 0.5 h after the start of exposure to salt stress.
The results of the second screening are summarized in Fig. 1 . The control experiment with wild-type cells (Fig. 1 A) demonstrated that the range of experimental errors in induction factors was Ͻ2.0 and Ͼ0.5, as indicated by the dashed lines. Saltinducible genes in mutant cells that gave data points outside this range were regarded as genes that were affected by mutations in Hiks. Fig. 1 reveals that mutations in Hik16, Hik33, and Hik34 affected the salt inducibility of 3, 5, and 28 salt-inducible genes, respectively. Table 1 , which is published as supporting information on the PNAS web site, www.pnas.org, shows these genes and their induction factors in wild-type, ⌬Hik33, ⌬Hik34, and ⌬Hik41 cells, together with the extent of induction by cold, osmotic stress, and strong light stress, taken from the literature.
Mutation of Hik34. In ⌬Hik34 mutant cells, expression of 28 of the normally salt-regulated genes was no longer induced by salt stress ( Fig. 1 and Table 1 ). Many of the genes whose salt inducibility was diminished by mutation of Hik34 were genes for known or putative stress-related proteins, such as chaperones [slr0093 (dnaJ), sll1514 (hsp17), and sll0170 (dnaK)], the subunit of a protease [slr1641 (clpB)], and superoxide dismutase [slr1516 (sodB)]. In addition, expression of genes for proteins that are not obviously related to stress responses, such as the slr1882 (ribF) gene for a putative riboflavine kinase, the slr1675 (hypA) gene for a hydrogenase expression͞formation factor, the sll0306 (sigB) gene for a group 2 sigma factor, and 14 genes for proteins of unknown function, was no longer induced by salt stress in ⌬Hik34 cells. It is possible that SigB might be involved in the transduction of the salt signal sensed by Hik34 to a cellular response via initiation of the expression of a certain protein regulon.
A set of 11 genes whose expression depended on Hik34 was nearly identical to a set of genes whose expression was induced by strong-light stress (23) . Moreover, these and some other genes whose expression was controlled by Hik34 were also induced by sorbitol-dependent osmotic stress (15) in wild-type cells. However, this set of genes did not include any cold-inducible genes (Table 1; refs. 15 and 24). The SOSUI database (25) predicts that Hik34 contains no transmembrane domains. It seems likely that a signal that occurs in the cytoplasm is sensed by Hik34, with resultant production of salt-inducible proteins that act to protect cytoplasmic functions. However, it is difficult to identify the primary signal that is perceived by this Hik, and it remains to be determined whether Hik34 is involved in the perception of high temperature. Several mechanisms, including sigma factors, repressor proteins, and the modification of mRNA structure, have been proposed for the activation of heat shock genes (7, 26, 27) . Moreover, regulation of heat shock-induced gene expression by a two-component system was observed recently in Myxococcus xanthus (28) .
Mutation of Hik33. The salt inducibility of five genes was abolished in ⌬Hik33 cells, indicating that these genes were regulated by Hik33 under salt-stress conditions (Table 1) . These genes included strong-light-inducible (hli) genes, namely, ssr2595, ssl2542, and ssl1632, which encode homologs of strong-lightinducible proteins (HLIPs) in higher plants (29) and other cyanobacteria (30) . It has been suggested that HLIPs might act to dissipate energy and, thus, to prevent overaccumulation of excitation energy (31) . Therefore, they might protect the photosynthetic machinery under salt-stress conditions (32) . Hik33 also diminished the salt inducibility of sll2012 (sigD), which encodes a group-2 sigma factor. SigD might be involved in subsequent transduction of the salt signal sensed by Hik33. Hik33 also controlled expression of slr1544, which encodes a protein of unknown function.
The five salt-induced genes controlled by Hik33 are also induced by other stresses (Table 1) . Moreover, Hik33 also senses cold stress and osmotic stress (14, 15) . However, expression of many cold-inducible genes and osmoinducible genes that are controlled by Hik33 (15) was not induced by salt stress. All five salt-inducible genes identified as being controlled by Hik33 (Table 1) belong to the group of osmotic stress-inducible and cold-inducible genes that is controlled by Hik33. Because salt stress includes an osmotic effect, it is likely that the proposed function of Hik33 as an osmosensor (15) Mutation of Hik16 and Hik41. In both ⌬Hik16 and ⌬Hik41 cells, the salt inducibility of the expression of the sll0939, sll0938, and slr0967 genes was completely abolished ( Table 1 ). The sll0938 gene encodes an aminotransferase, but the functions of the other gene products are unknown.
Because Hik16 is a membrane-bound Hik and Hik41 is a soluble hybrid-type Hik that also contains a response-regulator domain, it is possible that these Hiks form a signal transduction pathway, with Hik16 as the probable sensor and Hik41 as the probable transducer of the signal. None of the genes under the control of Hik16 and Hik41 was induced by the other kinds of stress, such as strong light, osmotic, and cold stress (Table 1) . Moreover, the observation that the combination of Na ϩ and Cl Ϫ ions induced the expression of this group of genes specifically suggests that Hik16 might perceive a signal caused by the two kinds of ion together and not a signal caused by salts in general. 
Genes That Were Unaffected by Mutations in Hiks.
The salt inducibility of a large group of genes was unaffected by mutations in any Hik. Table 2 , which is published as supporting information on the PNAS web site, shows the functionally characterized and most strongly salt-induced members of this group. In particular, genes for the synthesis and uptake of glucosylglycerol and genes for proteins involved in photosynthesis and regulatory functions remained salt-regulated in all ⌬Hik mutants.
Confirmation of Results Obtained from DNA Microarrays by Northern
Blotting. We selected, for analysis by Northern blotting, the slr1544 gene, which was not induced in ⌬Hik33 cells; the slr0967 gene, which was not induced in ⌬Hik16 and ⌬Hik41 cells; and the sll1514 gene, which was not induced in ⌬Hik34 cells, and analyzed changes in levels of the corresponding mRNAs during incubation under salt stress in wild-type, ⌬Hik16, ⌬Hik33, ⌬Hik34, ⌬Hik41, ⌬Hik2, ⌬Hik12, and ⌬Hik30 cells (Fig. 2) . We confirmed the disappearance of salt inducibility of the respective genes in ⌬Hik33, ⌬Hik16, ⌬Hik41, and ⌬Hik34 cells. In other mutants, levels of mRNAs were similar to those in wild-type cells.
Southern Blotting Analysis of Hik Mutants. We evaluated replacement of wild-type hik genes by mutated copies of each respective gene, which contained the aadA gene for spectinomycin resistance, by Southern blotting (Fig. 3) . Chromosomal DNA from wild-type, ⌬Hik16, and ⌬Hik33 cells was digested with BlpI, which recognizes a site within the aadA gene and, therefore, was expected to produce two fragments of DNA that would hybridize with the probe in the analysis of the mutants. Southern blotting yielded 4.4-kb and 1.8-kb fragments from ⌬Hik16 and 5.0-kb and 4.7-kb fragments from ⌬Hik33, but only fragments of 5.0 and 7.5 kb from the wild type with the Hik16 and Hik33 probes, respectively (Fig. 3A) . The sizes of the observed fragments were exactly as expected. In the case of ⌬Hik34 and ⌬Hik41, we used restriction enzymes, HincII and NcoI, respectively, to cleave sites outside the coding sequences. In the wild type, the probes for the hik34 and hik41 genes detected 2.0-kb and 1.5-kb fragments, respectively, whereas in ⌬Hik34 and ⌬Hik41 they detected 4.0-kb and 3.5-kb fragments, respectively, indicating that the lengths of hybridizable fragments had been increased by 2 kb by insertion of the aadA gene cartridge into hik34 or hik41 genes (Fig. 3) . The absence of fragments from the wild type in all mutants indicates that, in all cases, wild-type genes had been completely replaced by mutated genes via a double-crossover event.
Fig. 2.
Northern blotting analysis of the salt-induced expression of genes in wild-type, ⌬Hik2, ⌬Hik12, ⌬Hik16, ⌬Hik30, ⌬Hik33, ⌬Hik34, and ⌬Hik41 cells. RNA was isolated from cells before salt stress (Control) and 0.5 h after the addition to the medium of 684 mM NaCl. Five micrograms of RNA were transferred to a membrane and allowed to hybridize with a radioactively labeled probe. The analysis included the slr1544 (A), slr0967 (B), and sll1514 (C) genes. rRNA gave hybridization signals of approximately the same intensity for the wild type and the ⌬Hik mutants.
Fig. 3.
Analysis by Southern blotting of the extent of segregation of wild-type copies of the genome in ⌬Hik16, ⌬Hik33, ⌬Hik34, and ⌬Hik41 cells. (A) Results of Southern blotting of chromosomal DNA from wild-type (WT) and ⌬Hik mutant cells that had been digested with various restriction enzymes, as indicated. 32 P-labeled DNAs that covered the coding sequences of the respective hik genes (given below), for use as probes, were produced by PCR as described in Materials and Methods. (B) Schematic representation of the genotypes of the ⌬Hik16, ⌬Hik33, ⌬Hik34, and ⌬Hik41 mutants. Sites of insertion of the aadA gene cartridge for spectinomycin resistance are shown together with restriction sites used for Southern blotting analysis. Black triangles represent the binding sites of the specific primers that were used to amplify the coding sequences of hik genes for use as probes for hybridization.
Growth Profiles of Hik Mutants.
We examined the effects of mutations in Hik16, Hik33, Hik34, and Hik41 on growth under normal and moderate salt-stress conditions. There were no differences in growth profile among wild-type and mutants cells. The presence of 684 mM NaCl in the growth medium reduced the growth rate of wild-type cells and ⌬Hik mutant cells to the same extent (data not shown). The absence of a clear effect on growth suggests that the enhanced expression of none of the genes controlled by Hiks was essential for tolerance to salt stress under the conditions we used. The expression of more general stress-related genes might be sufficient for tolerance to this moderate concentration of NaCl. It is possible that higher concentrations of NaCl or salt stress and other stresses, such as strong light, together might lead to differences in growth rate between wild-type and mutant cells.
Effects of Various Salts. We performed our salt-stress experiments by supplementing the standard growth medium with NaCl. Thus, salt stress was caused by a combination of ionic stress caused by increased levels of Na ϩ and Cl Ϫ ions and osmotic stress caused by loss of water from the cytoplasm. To investigate whether the salt stress perceived by the newly identified Hiks was specifically related to the effects of particular ions, we compared the effects of 0.5 M NaCl, 0.25 M Na 2 SO 4 , 0.3 M NaNO 3 , and 0.375 M KCl on gene expression in wild-type cells by DNA microarray analysis. These concentrations of salts were chosen because each reduced the growth rate by 50%. The expression of the three genes that were affected in ⌬Hik16 and ⌬Hik41 cells was significantly induced by NaCl but not by the other salts (Fig. 4A) , suggesting that the ''Hik16 plus Hik41'' system might sense signals generated by the presence of both Na ϩ and Cl Ϫ ions. Five genes that were controlled by Hik33 were induced by NaCl, Na 2 SO 4 , and NaNO 3 but not by KCl (Fig. 4B) , suggesting that Hik33 might perceive Na ϩ ions but not K ϩ ions. It is noteworthy that induction by the chaotropic salts Na 2 SO 4 and, in particular, NaNO 3 was stronger than that by NaCl (Fig. 4B) . In contrast to genes controlled by Hik16 plus Hik41 and by Hik33, genes regulated by Hik34 did not yield a consistent pattern of induction in response to individual salts (data not shown).
Conclusion
We have identified putative sensor molecules or members of signal transduction pathways that are responsible for the regulation of close to one-fifth of the early salt-inducible genes in Synechocystis (Fig. 5) . The synthesis of proteins involved in stress responses, including the synthesis of chaperones and proteases, appears to be controlled by a system that includes Hik34. Induction of genes for proteins that are induced by changes in membrane properties (fluidity and͞or energization) under various stress conditions appears to be controlled by a system that includes Hik33. Furthermore, Hik41 and Hik16 are members of a signaling system that controls the salt-dependent induction of genes for proteins of as yet unknown function and that seems, moreover, to respond specifically to the combination of Na ϩ and Cl Ϫ ions (Fig. 5) . Most of the salt-inducible genes were unaffected by any of the Hik mutations (Fig. 5) . Thus, other mechanisms involved in the regulation of the response to salt stress remain to be identified and characterized. 
